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Summary

Porato cultivars Denali and Norland were grown in a controlled environment under low irradiance and
CO; partial pressures of 50, 100, 500, and 1000 Pa. The highest CO; partial pressures, 500 and 1000 Pa,
reduced tuber yield when compared to 100 Pa CO;. Upper canopy stomatal conductance was greatest at
the higher CO, partial pressures (500 and 1000 Pa) for both culrivars, and conductance of Denali was
consistently higher than Norland. Stomatal conductance tended to decline sooner with plant age ac 50
and 100 Pa CO, than at 500 and 1000 Pa. Water uptake was also greatest at the higher CO; partial pressu-
res, which resulted in fowest water-use efficiencies at 500 and 1000 Pa. These observations suggest thar sto-
matal function under very high CO; partial pressures (500-1000 Pa)} does not follow known patterns
observed at moderate partial pressures (50-100 Pa). Alchough there is litdle concern about CO; partial
pressures reaching extreme levels in the natural environment, this information should be useful for con-
trolled environments or space life support systems (e.g. space vehicles or habitats), where CO; partial pres-

sures of 500-1000 Pa are common.

Key words: CELSS, carbon dioxide, Solanum tuberosum, stomatal conductance, water use efficiency.

Abbreviations: CELSS = Controlled Ecological Life Support System; DAP = days after planting; DM =
dry mass; HI = harvest index; PPF = photosynthetic photon flux.

Introduction

The National Acronautics and Space Administration
(NASA) is supporting research on bioregenerative life support
systems for sustaining humans in extraterrestrial habitats. In
such systems, often referred to as Conurolled Ecological Life
Support Systems (CELSS), higher-plant photosynthesis and
transpiration would be used to provide much of the food,
O3, and potable water needed by the habitants.

Tightly closed, human-inhabited spacecraft tend to have
CO, pardial pressures much higher than those of Earth
(36 Pa), with levels as great as 1000 Pa having been measured
in the US Space Shuttle and Russian Mir space station (D.
Wiegrefe, The Bionetics Corp., 1993, personal communica-
tion; V. Polyakov, Cosmonaut, 1991, personal communica-

tion). Thus plants grown in tightly closed life supporc habi-
tats may be exposed to very high CO; levels.

Because of its nutritional value and high proportion of
edible biomass (Tibbitts and Cao, 1992), potato is being
tested for use in a CELSS. Conurolled environment tests have
shown that edible biomass production rates of potato tubers
can be significantly greater than the edible component of
some seed crops considered for CELSS, e.g. wheat and soy-
bean, when grown at PPF levels ranging from 24-45 mol
m~2d™" (Wheeler er al,, 1996).

There has been extensive research related to carbon parti-
tioning and tuber growth in potato (Engels and Marschner,
19862, 1986b, 1986 ¢; Ewing and Struik, 1992; Hannapel,
1991). Yields are known to be affected by several environ-
mental factors, including photoperiod (Steward et al., 1981;
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Cao and Tibbius, 1991; Wheeler and Tibbirtts, 1986a), tem-
perature (Steward et al., 1981; Bennett et al,, 1991, Wheeler
et al,, 1986 b), mineral nutrition (Cac and Tibbitts, 1992;
Walworth and Muniz, 1993), and CO,; concentration
(Wheeler and Tibbitts, 1989; Wheeler et al., 1991). In addi-
tion, there can be interactions between environmental factors
with regard to potato growth. For example, potato yields in-
creased 39 % with CO; enrichment (100 Pa or 1000 umol
mol™)) at moderate irradiance (17.3 mol m~2d™), but these
gains in fesponse to CO, enrichment decreased as irradiance
was increased to 34.6 molm™2d™' (Wheeler et al., 1991).
Unfortunately, few studies of plant response to CO; have
included treatments as high as 500 or 1000 Pa. Tomato pro-
duction was depressed when plants were grown under 500 Pa,
as compared to 100 Pa (Hicklenton and Jolliffe, 1980). Wheat
and rice seed dry mass dropped about 25 % when grown un-
der 213 vs. 85 Pa CO; (2500 vs. 1000 pmol mol™) (Bugbee et
al., 1994). Seed dry mass of soybean cv. McCall was de-
pressed at 200 and 500 Pa, in comparison to 100 Pa, but seed
yield of cv. Pixie was unaffected at CO, partial pressures be-
tween 50 and 500 Pa (Wheeler et al., 1993), suggesting CO,
effects vary among cultivars. In addition, tests with radish
showed that CO; partial pressures as high as 1000 Pa had no
effect on storage hypocoryl (radish) dry mass for cvs. Cherry
Belle and Giant White Globe, but storage hypocotyl dry mass
was reduced with cv. Early Scarlet Globe (Mackowiak et al.,
1994). Collectively, these resules suggest that CO, partial
pressures in the 500 to 1000 Pa range can be supraoptimal for
yield, with the degree of yield depression being dependent
upon the species and cultivar. Super-clevated CO; partial
pressures have not been studied for potato, a species that is a
prime candidate for 2 CELSS. In this paper we report on the
response of two cultivars of potato grown from plantlets to
maturity in controlled environmental chambers maintained
at four different CO; partial pressures thar are applicable to a

CELSS.

Materials and Methods

Envirenmental Conditions

Four 105 day studies were conducted wich potato (Solanum tube-
rosumt L.) cvs. Denali and Norland grown in a .8 mX 2.4 m envi-
ronmental growth chamber (EGC Inc., Chagrin Falls, OH, USA).
Each study was designed as a single CO; treatment to maintain one
of the following partial pressures: 50, 100, 500, or 1000 Pa CO,
7% (CV) of the set point. All studies were conducted at the Ken-
nedy Space Center (KSC), FL, USA, where normal atmospheric
pressure is approximately 101 kPa; thus treatments corresponded to
concenteactons of 500, 1000, 5000 and 10,000 umol mol ™, at stand-
ard conditions. The 50 Pa treatment was chosen over the normal
ambient (36 Pa) to eliminate periodic CO, fluctuations resulting
from human activity around the growth chamber. Carbon dioxide
concentrations within the growth chamber were monitored with an
infrared gas analyzer (Anarad Inc., Santa Barbara, CA, USA) and
controlled by a dedicated compurer system. Partial pressures were
maintained by continuously adding CO; to the chamber to achieve
at least 75 % of the treatment value, which was supplemented with
computer controlled injections of additional CO, to mainrain the
appropriate partial pressure. Control-system calibrations were per-
formed automatically each day using a zero-gas (nitrogen) and a

span-gas near the working partial pressure for each study. As a check
on the infrared analyzer values, atmospheric samples from the cham-
ber were periodically analyzed for CO; using a gas chromaregraph
with a thermal conductivity detector.

Lighting in the chamber was provided by thirty 2.44m, 1.5 A Vi-
ta-Lite fluorescent lamps (Duro-Test Inc., North Bergen, NJ, USA).
Lamps were cycled to provide a 12h light/12h dark photoperiod.
Photesynthetic photon flux (PPF) was measured ar weekly intervals
with 4 quantum sensor (Model 190, LI-COR Inc., Lincoln, NE,
USA) at the canopy level and averaged 257 £ 12, 248 £ 31, 265 +
32, and 244 + 38 pmol m™2s7! for the 50, 100, 500, and 1000 Pa
CO, treatments, rcsmctivel;. This provided a daily PPF of 11.1,
107, 11.4, and 10.5 mol m > d™*. Temperatures for all tests averaged
20.0 # 0.4°C during the light period and 15.7 % 0.5 °C during the
dark period. Refarive humidities were constant during the light/dark
cycle and averaged 61 £ 5%.

Plant culture

Nodal-propagated sterile culture plantlets of cvs. Denali and Not-
land were transylanted into slits of white/black plastic sheets that
covered 0,25 m” plastic culture trays (Wheeler et al,, 1990), Trays
and plantlets were covered with white acrylic germination covers to
aid acclimation; these were removed three days after planting
(DAP). Plants were thinned from three to either one or two plants
per tray by 12 DAP resulting in two trays per CO; and density
trearment. At 14 DAP, each tray was enclosed with a 60-cm high,
white vinyl-coared fencing (5 cm X 6.2 cm holes) to confine shoot
growth to approximately 0.3 m? area. This provided planting densi-
ties of approximately 3.3 or 6.7 plants m™2 for ways with 1 or 2
plants per tray.

A modified half-strength Hoagland nutrient solution (Hoagland
and Arnon, 1950) was used, where nutrient solution was continu-
ously recirculated between a single reservoir and eight culture trays.
Water was replenished by manually adding deionized water to the
reservoir each day to maintain a constant volume (80 L), based on a
sight gauge. Water uprake per C(O; trearment was calculared as a
summation of water used by all plants in the growth chamber since
all trays shared a single reservoir. This assured that all plants exper-
ienced the same nutrient solurion. WUE was determined by divid-
ing the total biomass per CO; trial (pooling density and cultivar
dara) by the total amount of water and nutrient solution volumes
added to the nutrient reservoir. Nutrients depleted from the solution
were replenished twice each week, using a concentrated stock solu-
tion. Nurrient replenishment was based on measurements of total wa-
ter use and a nutrient solution electrical conductiviry of 0.12S m™.
Elemental concentrations of the solution were monitored weekly
using aromic absorption and inductively-coupled plasma spectrosco-
pic rechniques to ensure adequate nutrition throughout the studies.
Solution pH was continually monitored and controlled automatic-
ally to 5.8 with additions of 0.39 mol L™ HNO;.

Beginning at 35 DAD, stomatal conductance measurements of
three upper-canopy leaves (abaxial surface only) from each tray (3°
samples per tray or 12 samples per cultivar) were taken at weekly in-
tervals with a steady-state porometer (Model Li-1600, LI-COR Inc.,
Lincoln, NE, USA) during the sixth hour of the light period. Sto-
martal conductance data were noc separated by planting density
treatment since density had no apparent effect on the unshaded, up-
per canopy leaves. For measurements taken at 50 Pa COg, a mask
was worn connected by plastic tubing to 2 vacuum pump outside
the chamber for venting exhaled breath and preventing any transient
increases in CO;. No venting was neccessary during measurements
ar 100, 500, and 1000 Pa treatments. Ac 105 DAT, plants were har-
vested and separared into shoots (leaves + stems), roots, and tubers
>0.5 cm. All tissues were oven-dried for at least 48 h at 70°C and
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then weighed. Harvest index (HI) was calculated as tuber dry mass/
total plant dry mass.

Data Analysis

One tray of plants was considered a subsample in each COj treat-
ment and planting density, resulting in two subsamples per treat-
ment. Due to the lack of CO; replicates, only treatment means are
presented. Likewise, stomatal conductance data for CO, treatments
are presented as averages * standard errors. Since unshaded, upper
canopy leaves were sampled for stomatal conductance, plant densicy
was not a likely factor in this measurement and was not analyzed.
Repeated measures ANOVA was used to compare leaf conducrance
patterns over time within CO; treatments.

Results and Discussion

Harvest

Combined harvest data for both planting densities and
both cultivars are shown in Fig. 1. Shoot biomass incieased
lineatly as the CO, partial pressure increased, where biomass
was approximarely 30 % greater at 100 versus 50 Pa treatment
(Fig. 1). The linear increase with increased CO; suggests that
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Fig. 1: Effect of carbon dioxide on A, shoor dry mass (DM); B,
tuber DM; C, total DM; D, harvest index of potato. Dara represent
averages of two cultivars and two planting densities. Plants were
grown in hydroponic culture trays, allowing approximately 0.4 m?
tray”! of exposed canopy.
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shoot biomass may continue to increase even beyond 1000 Pa
CO;. In addition, shoot biomass was greater at the higher
density (131 vs. 73 gtray™} and cv. Denali produced 115 vs.
90 gtray"1 for cv. Norland (data not shown).

In contrast to shoot biomass, tuber DM rended to decline
after reaching a high value at 100 Pa CO; (Fig. 1). Previous
studies with potato under 400 and 800 umol m=2s™" PPF re-
sulted in greater tuber yields at 100 than 35 Pa CO; but levels
greater than 100 Pa were not tested (Wheeler et al., 1991).
Even though CO; partial pressures as grear as 1000 Pa were
not deleterious to tuber yields, chlorotic/necrotic areas were
seen on leaves sooner than normally expected, suggesting
some minor damage may have resulted from the very high
CO,. Recent studies with potato grown in elevated CO; and
high PPF have shown that starch unloading does not keep
pace with starch synthesis, resulting in possible leaf damage
(Stutte er al., 1996). Concentrations as great as 1700 Pa
(20,000 umol mol™) CO,, resulted in decreased seed yield in
wheat, relative to yields ac 85 Pa (1000 pmol mol™) CO,
(Bugbee et al, 1994). In addition, concentrations above
100 Pa CO; resulted in reduced soybean yields when com-
pared to 500 Pa (Wheeler et al,, 1993). Thus, there are sim-
ilarities between super-elevated CO, effects on tuber yield in
our study and CO; effects on wheat and soybean seed yields.
However, further studies are needed to determine if those
similarities would persist at even greater partial pressures or at
different combinations of PPF and CO,. Tuber yield for all
CO;, wreatments was greater at the higher density planting
(451 garay™) than at the lower density planting (267 Egtray'l),
while cv. Denali produced an average of 399 gtray™ and cv.
Norland produced 319 g tray™. Root + stolon DM made up a
small portion of the total DM (<2 %), and showed no appar-
ent trends relative to CO, partial pressure.

Toral biomass tended to plateau after reaching 100 Pa CO,
(Fig. 1). As with the other parameters, the higher densiry
planting produced more total biomass on average (591 vs.
345 gl:ray'l) and cv. Denali had more rotal biomass (521 vs.
414 g tray™') than cv. Norland. These trends are consistent
with other CO, response studies where potato was tested at
lower partial pressures {Wheeler et al., 1989, 1991).

As result of increased shoot dry mass and a flattening of
the tuber biomass curve at very high CO,, the harvest index
(HI) tended to decrease after reaching 100 Pa CO, (Fig. 1).
Thus, unlike moderare CO; enrichment (100 Pa), partition-
ing to tubers appears 10 be negatively affected by very high
CO; partial pressures (500 and 1000 Pa). Density and culti-
var had no effect on HI values, where high densicty vs. low
density values were 76 and 78 % HI, respectively. Both culti-
vars had an average HI of 77 %. The HI depression at supes-
elevated CO, was similar to what was seen with soybean
(Wheeler et al., 1993).

Doubling the planting density from 1 to 2 plants per tray
improved average yields 40 % and would be worth im-
plementing in a CELSS. Under the environmental conditions
of this study, ¢v. Denali produced more tuber biomass than
Norland and would appear to be the cultivar of choice. How-
ever, Denali is a later maturing cultivar relative to Norland
and may not perform as well if the growth cycle was reduced
by a few weeks. Although plants were confined to a 0.3 m?
area by wire cages around the trays, plants still received side
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lighting; hence, using cross-sectional areas alone would un-
derestimate total PPF to the plants. Assuming conservatively
that each tray had an available area of 0.4 m? {Wheeler et al.,
1990), total crop growth rates and tuber growth rates can be
estimated by dividing DM per tray by 0.4 m? and 105 days
(Table 1). Dividing the growth rates again by daily PPF val-
ues indicates a PPF conversion efficiency up to 1.22 gmol™
(100 Pa plants} for total biomass and .98 gmof'] for tuber
DM. These values are higher than conversion efficiencies re-
ported for potato stands grown at 100 Pa CO, and ac a higher
PPF of 800 to 900 pmol m~2s™! (Wheeler et al., 1996). The
discrepancy between conversion efficiences at low versus high
PPF may reflect errors in estimating total light reaching the
plants, but is consistent with measurements of high quantum
yield at low irradiance (Radmer and Kok, 1977).

Stomatal Conductance

Porometer measurements throughout growth showed that
Norland stomatal conductance was greatest ar 1000 Pa, Con-
ductance was greatest for Denali at 500 Pa (Fig. 2). Conduct-
ance of both cultivars decreased as CO, partial pressure was
increased from 50 to 100 Pa {Fig. 2). There have been several
reports describing reversal of stomatal closure at very high
partial pressures; for example, tomato (Hickleron and jolliffe,
1980), cotton (Paflas, 1965), cucumber (Pfeufer and Krug,
1984), and soybean (Palias, 1965; Wheeler et al., 1993), but

the mechanism(s) responsible for these observations are not

Table 1: Growth and photon conversion efficiencies of potato at
100 Pa CO».

Cultivar  PPF Growth Race Conversion Efficiency
Tuber Total Plans  Tuber Total Plant
mol m~2d-! gm3d?t gmid' gmol-! PPE gmol ™! PPF

Notland 1076 8.83 15.95 Q.82 1.02
Denali  10.67 10.43 12.98 0.98 122
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Fig. 2: Average effect of carbon dioxide on stomaral conductance of
upper canopy leaves of potato cvs. Denali and Norland. Each bar
represents the mean of weekly measurements taken from 5 to 14
weeks (n=120), Verrical bars indicate srandard errors.
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Fig. 3: Effect of carbon dioxide on stomaral conductance of upper
canopy leaves of potato cvs. Denali (A) and Norland (B} over time.
Each symbol represents the mean of weekly measurements (n=12),

known. It is possible that there may be a direct influence of
CO; on intracellular pH (Bown, 1985), leading to greater K*
uptake by the guard cells, resulting in stomatal opening (Tall-
man, 1992). However, this hypothesis is inconsistent with
stomata remaining closed during dark periods when respira-
tion would be expected to increase internal CO; partial pres-
sures. There may be interactions between high, external (am-
bient) CO; and diurnal light cycles that affect guard cell
opening,

Repeated measures ANOVA of each cultivar found signifi-
cant age effects, where a relatively steep increase in upper can-
opy stomatal conductance occurred during early growth, fol-
lowed by a gradual decline for most trearments over the
growing cycle (Fig. 3). This is 2 common pattern for many
plant species (Field, 1987). Conductance values were greatest
at about 6-7 weeks into the study. After this, conductance
declined over time for the 50 and 100 Py CO; rtreatments
(Fig. 3}, but remained relatively high for the 500 and 1000 Pa
treatments, particularly for cv. Norland. All treatments
showed relatively stable stomaral conductance berween 10- to

l14-weeks-age.

Water Use

Daily water uprake at all CO, partial pressures increased at
similar rates until about day 42, which coincided approxima-
tely with full canopy coverage. Following this, water uptake
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Table 2: Effect of CO; on stomaral conductance, water uptake, and
total biomass production of potato plants during 15-week studies.

CO, Stomaral Watet Total Water Use®
Conductance? Uptake Biomass Efficiency
Pa mol m~% s~ kg kg gl
50 0.29 542 3.25 6.0
100 0.25 573 4.02 7.0
500 0.52 963 3.66 3.8
1000 0.48 1062 4.04 3.8

* Stomatal conductance of the upper canopy leaves averaged for
both cultivars from 5 through 14 weeks.
® Expressed as g biomass (DM) produced per kg water used.

remained relatively constant for the 50 and 100 Pa treatments,
bur continued to increase for another week for the 500 and
1000 Pa wreatments (Fig. 4). The increased water use is further
evidence for the effect of higher stomatal conductance at
super-elevated CO,. Assuming 0.4 m? per tray (8 trays per
CO; treatment), water uptake rates by day 50 were about
2kgm'2 d~! for the lower CO, treatments (i.e., 50 and 100 Pa)
and 4 kgm™*d~" for the higher partial pressures (i.c., 500 and
1000 Pa). Studies with soybeans grown under similar condi-
tions (except for warmer temperatures) showed similar trends
in water uptake in response to CO; (Wheeler er al., 1993).
Woater use efficiency (WUE) improved when the CO; par-
tial pressure was increased from 50 to 100 Pa {Table 2), which
is consistent with observations from related studies (Eamus,
1991; Wheeler et al., 1993). However, plants grown at 1000 Pa
CO; used almost twice as much water as the 100 Pa treatment,
resulting in 2 46 % decrease in WUE compared to 100Pa CO,
and a 37% decrease compared to the 50 Pa treatment (Table2).
Total plant dry mass was greatest for the 1000 Pa treat-
ment, but correlation with water uprake was low (r=0.36).
Correlation berween water uptake and leaf conductance was

high (r=0.95). If conductance data are transformed to ac-
count for toral leaf area by using shoot dry mass dara, (shoot
DM X stomatal conductance), the correlation with water up-
take is even greater {r=0.99), which is similar to findings re-
ported for soybean grown under similar conditions (Wheeler
et al., 1993). It is interesting to note the conductance of 500
and 1000 Pa treatments did not decline much over time, as
though stomata remained open (Fig. 3). Although it was not
measured in this study, related studies have shown that dark-
petiod conductance remained high when potato plants were
grown at 500 and 1000 Pa CO, (Mackowiak et al., 1992),
which may have contributed to increased water uprake at the
highest COy; levels.
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